INTRODUCTION
Nitroaromatic and nitroheterocyclic compounds (ArNO 2 ) comprise several important groups of redox active drugs and toxic environmental pollutants (Knox & Chen, 2004; Orna & Mason, 1989 , and references therein). Their cytotoxicity and/or therapeutic action are mainly related to the bioreductive activation: i) flavoenzymes dehydrogenases-electrontransferases, e.g., NADPH:cytochrome P-450 reductase (P-450R, EC 1.6.2.4) perform the single-electron reduction of ArNO 2 into their anion-radicals (ArNO 2 -• ), which further undergo redox cycling in the presence of oxygen with the formation of superoxide (O 2 -• ) and the other reactive oxygen species (ROS) (Orna & Mason, 1989; Čėnas et al., 1994 , and references therein), and ii) flavoenzymes dehydrogenases-transhydrogenases, e.g., mammalian DTdiaphorase (NAD(P)H: quinone oxidoreductase, NQO1, EC 1.6.99.2) or bacterial oxygen-insensitive nitroreductases reduce nitroaromatic compounds in two subsequent two-electron transfers into hydroxylamines, which alkylate DNA and other cellular nucleophiles (Knox & Chen, 2004; Misevičienė et al., 2006; Nivinskas et al., 2001 , and references therein).
6,7-Dinitrodihydroquinoxaline-2,3-dione, commonly known as 6,7-dinitroquinoxaline-2,3-dione (DNQX, Fig. 1 ), is a potent antagonist of a receptor of 2-amino-3-(3-hydroxy-5-methyl-isoxazol-4-yl)-propanoic acid and kainic acid, extensively used in studies of neurophysiology and the treatment of nervous diseases (Martin et al., 2003, and references therein) . The presence of prooxidant nitro groups in its structure points to the possibility of the oxidative stress-type cytotoxicity, which may represent an important side-effect. Some data demonstrate the DNQX-induced generation of H 2 O 2 in cultured neurons (Copin et al., 1998) . On the other hand, the other reports point to an antioxidant action of this compound (Kim & Kwon, 1999; Sivakumar et al., 2013; Sun et al., 2012) .
Taken together, these data warrant a thorough examination of the redox properties of DNQX with their possible impact on its postulated prooxidant cytotoxicity. In this paper, we analyze the redox properties of DNQX and its mononitro-(NQX) and denitro-(QX) derivatives, including their electrochemical characteristics, the reactivity towards relevant single-and two-electron-transferring flavoenzymes, and mammalian cell cytotoxicity.
MATERIALS AND METHODS
Chemicals and enzymes. 6,7-Dinitrodihydroquinoxaline-2,3-dione (DNQX), 6-nitrodihydroquinoxaline-2,3-dione (NQX), and dihydroquinoxaline-2,3-dione (QX) (Fig. 1) were synthesized by the established methods (Deng et al., 2011; Kaupp & Naimi-Jamal, 2002; McQuaid et al., 1992) , their purity was checked by m.p., elemental analysis, 1 H-NMR spectra, and HPLC (LaChrom, * e-mail: narimantas.cenas@bchi.vu.lt Abbreviations: ADR, NADPH:adrenodoxin reductase, ADX, adrenodoxin; ArNO 2 , aromatic nitrocompound; BCNU, 1,3-bis(2-chloromethyl)-1-nitrosourea; cL 50 , concentration causing 50% cell death; DNQX, 6,7-dinitrodihydroquinoxaline-2,3-dione; DPPD, N,N'-diphenyl-p-phenylene diamine; E 1 7 , single-electron reduction potential at pH 7.0; E p,7 , electrochemical reduction peak potential at pH 7.0; LD 50 , median lethal dose; NHE, normal hydrogen electrode; NQO1, NAD(P)H:quinone oxidoreductase; NQX, 6-nitrodihydroquinoxaline-2,3-dione; P-450R, NADPH:cytochrome P-450 reductase; QX, dihydroquinoxaline-2,3-dione; ROS, reactive oxygen species Vol. 60, No 2/2013 227-231 on-line at: www.actabp.pl
Merck-Hitachi). Other compounds were obtained from Sigma-Aldrich and used as received. Recombinant rat NADPH:cytochrome P-450 reductase (P-450R), recombinant bovine NADPH:adrenodoxin reductase (ADR) and adrenodoxin (ADX) were prepared by the established methods (Pechurskaya et al., 2007) . The enzyme concentrations were determined according to ε 456 = 21.4 mM -1 cm -1 (P-450R), ε 450 = 11.3 mM -1 cm -1 (ADR), and ε 414 = 9.8 mM -1 cm -1 (ADX). P-450R, ADR, and ADX were a generous gift of Professor Sergey Usanov and Dr. Alexey Yantsevich (Institute of Bioorganic Chemistry of Belarus Academy of Sciences, Minsk, Belarus). Rat liver DT-diaphorase (NAD(P)H:quinone oxidoreductase, NQO1) was purified according to the established method (Prochaska, 1988) , its concentration was determined according to ε 460 = 11 mM -1 cm -1 . Electrochemical studies. Cyclic voltammetry studies were performed using a Parstat 2273 (PAR) potentiostat controlled by Power Suite electrochemical software. Glassy carbon working electrode (PAR, diameter 2 mm), saturated Ag/AgCl (+205 mV vs. NHE) reference electrode, and auxiliary Pt wire electrode (56 mm 2 ) were used in a standard three-electrode cirquit. The glassy carbon electrode was polished with a suspension of alumina powder (1 μm) and then rinsed with deionized water. Anaerobic conditions were obtained by purging the solutions (0.05 M K-phosphate + 0.1 M KCl, pH 7.0, 25°C, compound concentration, 0.4-1.0 mM) with Ar for 20 min. Stock solutions of compounds (the factor of dilution, ≥ 100) were prepared in DMSO. Because of the electrode fouling during the repetitive scans in the presence of compounds, the electrochemical parameters referring only to the first scan are presented.
Enzyme kinetic studies. The enzymatic reduction of DNQX and NQX was studied spectrophotometrically using a Lambda 25 (Perkin Elmer) spectrophotometer, following the rate of the oxidation of 50 µM NADPH (∆ε 340 = 6.2 mM -1 cm -1 ) in the presence of nitroaromatic compound, P-450R, ADR and ADX, or NQO1. These assays were performed in 0.1 M K-phosphate (pH 7.0) containing 1.0 mM EDTA, at 25°C. In the case of the ADR/ADX-assay, the concentrations of 40 nM ADR and 1.0 µM ADX were used. Their background NADPH:oxidase activities, 0.4-0.5 s -1 , were substracted from the final NADPH:nitroreductase reaction rates. Because of a strong absorbance of compounds at 340 nm, the experiments were performed in 0.2-cm optical pathway cells. The catalytic constants of the reaction, k cat , correspond to the number of molecules of NADPH oxidized by the enzyme active center per second. The values of k cat and bimolecular rate constants of reduction of DNQX and NQX, k cat /K m, were obtained in a nonlinear way by a standard hyperbolic expression using SigmaPlot 2000 (version 6.1) or Statistica (version 4.30, Statsoft, 1993) . In the reactions of NQO1, 0.01% Tween 20 and 0.25 mg/ml bovine serum albumin were used as activators. The control experiments in the presence of a NA-DPH regeneration system, 50 µM NADPH, 100 U/ml glucose-6-phosphate dehydrogenase (Sigma), and 10 mM glucose-6-phosphate, revealed that the rise in absorbance of products of DNQX and NQX reduction by NQO1 at 340 nm was close to 3-5% of the NADPH oxidation rate in the absence of regeneration. The corresponding kinetic constants of NQO1 reactions were obtained after this correction.
Cell culture cytotoxicity studies. A culture of bovine leukemia virus-transformed lamb kidney fibroblasts (line FLK) was maintained in Eagle's medium supplemented with 10% fetal bovine serum at 37°C as described previously (Čėnas et al., 2001) . The FLK cells were seeded on 18 × 18 mm glass slides in 5 ml flasks in the presence or in the absence of compounds, and were grown for 24 h. Further, the slides were rinsed 3-4 times with phosphate-buffered saline and stained with Trypan blue. The cells on the slides were counted under a light microscope. Cell viability is expressed as the percentage of viable (Trypan blue excluding) cells remaining adherent after the compound treatment with respect to their amount after 24 h growth in the absence of the compound. The adherent FLK cells showed 98-99% viability, while the detached ones were found to be 98-99% nonviable.
RESULTS

Electrochemical studies of DNQX and its derivatives
The cytotoxicity of nitroaromatic compounds frequently increases with an increase in their single-electron reduction potential (E 1 7 ), i.e., the potential of the ArNO 2 /ArNO 2 • -couple Guissani et al., 1990; O'Brien et al., 1990 , and references therein). It reflects an increase in their reactivity towards singleelectron transferring flavoenzymes such as P-450R or metalloproteins Marcinkevičienė et al., 1990 , and references therein) and shows that the cytotoxicity is determined mainly by the redox cycling of nitroaromatics. Due to the instability of nitroaromatic anion-radicals, their E 1 7 values are obtained by pulseradiolysis (Wardman, 1989) . Given that the values of E 1 7 for DNQX and NQX (Fig. 1 ) determined by this method are unavailable, we examined some parallel approaches including their electrochemical reduction, whose parameters may sometimes parallell their E 1 7 values (Zuman, 1990 , and references therein). The cyclic voltammograms of DNQX and NQX (Fig. 2 , scans 1 and 2) have two peaks and one peak of the irreversible reduction (E p,7 ), respectively. Most probably, as observed for other nitroaromatic compounds, they reflect the four-electron reduction of their nitrogroup(s) into hydroxylamines (Zuman, 1990; Zuman et al., 1992 , and references therein) ( Table 1 ). The electrochemical reduction is controlled by the diffusion, because the reduction peak currents show a linear dependence on the square root of the potential scan rate. In the reverse scans, we also observed the quasireversible oxidation/reduction peaks of hydroxylamines and/or their secondary prod- (Zuman, 1990; Zuman et al., 1992 , and references therein) (Fig. 2, scans 1 and 2) . Importantly, DNQX and NQX were electrochemically inactive if the scans were performed at -0.2-0.6 V, i.e., before the reduction of nitroaromatic group(s) (data not shown). Besides, QX was electrochemically inactive in the entire range of the redox potentials, -0.85 V-0.6 V (Fig. 2, scan 3 ). Thus, it shows that the 2,3-didydroxyquinoxaline (2,3-dihydroquinoxaline dione) moiety of DNQX and NQX may not contribute to their redox activity. The E p,7 values for several model nitrobenzenes obtained under the same conditions are given for comparison, together with their experimentally determined E 1 7 values (Table 1) .
Enzymatic reactivity studies of DNQX and NQX
In order to characterize the enzymatic reactivity of DNQX and NQX relevant to their cytotoxicity, we studied their reduction by a single-electron transferring flavoenzyme P-450R, which is one of the main enzymes responsible for the oxidative stress-type cytotoxicity of nitroaromatic compounds O'Brien et al., 1990 , and references therein). The k cat of rat P-450R-catalyzed reactions was close to the previously reported value, 25 s 1 , which represents the maximal rate of FMNH --mediated cytochrome c reduction (Čėnas et al., 1994) . The corresponding bimolecular reduction rate constants of DNQX, NQX, and model nitrobenzene compounds (k cat /K m ) are given in Table 1 . In parallel, we used another model system, the adrenodoxin (ADX)-dependent reduction of nitroaromatic compounds by NADPH:adrenodoxin reductase (ADR, EC 1.1.18.2). In this case, free ADR does not show a significant nitroreductase activity, and the nitroaromatic compounds are reduced by ADX, which in turn is reduced by ADR (Marcinkevičienė et al., 1990) . The k cat of the ADR-ADX system was close to 5 s -1 , which corresponds to the maximal rate of ADX reduction by ADR calculated on a two-electron base (Lambeth & Kamin, 1979 (Fig. 3) . The k cat /K m of nitroaromatic compounds in this system are also given in Table 1 , showing a parallelism with the reactivities of the nitroaromatic compounds in P-450R- 
Figure 2. Electrochemistry of DNQX and its derivatives
Cyclic voltammograms of DNQX (1), NQX (2), and QX (3) were recorded at 50 mV/s scan rate under anaerobic conditions, at pH 7.0 and the compound concentration of 0.5 mM. catalyzed reactions. In separate experiments, we found that in the presence of P-450R or ADR-ADX, 50 µM DNQX or NQX oxidize a large excess of NADPH, 200 µM. It demonstrates that DNQX and NQX undergo redox cycling in these reactions. Next, we investigated the reactivity of DNQX and MNQX towards two-electron transferring mammalian NAD(P)H:quinone oxidoreductase (NQO1, DT-diaphorase). Their reactivity appeared to be relatively low (Table 1) , which is characteristic for the reduction of nitroaromatic compounds by this enzyme (Knox & Chen, 2004; Misevičienė et al., 2006 , and references therein).
Mammalian cell cytotoxicity of DNQX and its derivatives
We studied the cytotoxicity of DNQX and its derivatives in bovine leukemia virus-transformed lamb kidney fibroblasts (line FLK), which was extensively used in our previous studies of the cytotoxicity of nitroaromatic compounds (Čėnas et al., 2001, 2009 ). The concentrations causing 50% cell death (cL 50 ) for DNQX and NQX (Table 1) are in the range of those for the model nitrobenzenes with E 1 7 = -0.29--0.42 V (Table 1) . In contrast, the cytotoxicity of QX was much lower (Table 1 ). The cytotoxicity of DNQX was partly decreased by the antioxidant N,N'-diphenyl-p-phenylene diamine (DPPD) and the iron-chelating agent desferrioxamine, and potentiated by the prooxidant 1,3-bis(2-chloroethyl)-1-nitrosourea (BCNU), which inactivates the antioxidant enzyme glutathione reductase and depletes intracellular reduced glutathione (Öllinger & Brunmark, 1991) (Fig. 4) . This points to the prooxidant character of the cytotoxicity of DNQX. An inhibitor of NQO1, dicoumarol, partly decreased the cytotoxicity of DNQX (Fig. 4) .
DISCUSSION
Our study characterizes the redox properties of DNQX which may be important in the understanding of a possible side effect of this neuroleptic agent, namely, its prooxidant (cyto)toxicity. Because the E 1 7 values for DNQX and NQX that could be used in the analysis of their cytotoxicity mechanisms are unavailable, some indirect and approximate information may be gained from their cyclic voltammetry and their reactivities towards single-electron transferring enzymes (Fig. 2, Table 1) . The values of E p (7) and E 1 7 of nitroaromatic compounds are interrelated (Zuman, 1990 , and references therein), besides, there also are linear dependences of log k cat /K m on E 1 7 of nitroaromatics in their reactivity towards P-450R (Orna & Mason, 1989; Čėnas et al., 1994 , and references therein), or ADR-ADX (Marcinkevičienė et al., 1990) . Thus, according to their electrochemical and enzymatic redox properties (Table 1) , the approximate E 1 7 values for DNQX and NQX may be close to -0.3 V and -0.4 V, respectively.
The cytotoxicity of nitroaromatic compounds in FLK and several other cell lines increases upon an increase in their E 1 7 with a coefficient ∆log cL 50 /∆E 1 7 ~ -10 V -1 Guissani et al., 1990; O'Brien et al., 1990 , and references therein). Taken together with the antioxidant protection, it shows that the main factor of their cytotoxicity is the oxidative stress, initiated by enzymatic redox cycling. In the case of DNQX, the protection by DPPD and desferrioxamine, and the potentiating effect of BCNU (Fig. 4) show that the main factor of its cytotoxicity is the oxidative stress (Öllinger & Brunmark, 1991 suggested in our work. The protection by an inhibitor of NQO1, dicoumarol, against the cytotoxicity of DNQX (Fig. 4) shows that NQO1-catalyzed reactions, most probably the formation of the hydroxylamine reduction products, may also contribute to its cytotoxicity to some extent (Čėnas et al., 2001) . Our data also imply that the presence of dihydroquinoxaline-2,3-dione moiety in the structure of DNQX shows minor if any influence on its prooxidant cytotoxicity. Although the 2,3-dihydroxyquinoxaline tautomer of DNQX could hypothetically act as an antioxidant due to its 2,3-dihydroxynaphalene-like structure, the presence of the electron-accepting nitrogroups will significantly reduce its antioxidant capacity. It is also supported by the low cytotoxicity of QX (Table 1) which is much lower than the toxicity of redox-active flavonoids and hydroxybenzenes in this cell line (Marozienė et al., 2012) . Thus, regarding the previously reported antioxidant properties of DNQX, one may suggest that they reflect the superposition of two opposite factors, namely its general prooxidant activity and the inhibition of kainate receptors, whose overstimulation by kainate leads to the formation of ROS and NO with a subsequent formation of peroxynitrite (Kim & Kwon, 1999; Martinez-Palma et al., 2003; Sivakumar et al., 2013; Sun et al., 2012) . Possibly, the latter mechanism plays a major role in the action of DNQX in neuronal cells, whereas its prooxidant activity plays a major role in the action against other cell types.
Finally, our study provides some insight on the potential toxic properties of DNQX which, according to our best knowledge, have not been studied so far. Because the cytotoxicity of DNQX and MNQX is similar to that of (poly)nitrobenzenes with similar single-electron reduction potentials (Table 1) , it is reasonable to suggest that the toxicity of DNQX may be similar to that of m-dinitrobenzene, whose median lethal dose (LD 50 , rats, peroral administration) is equal to 0.5 mmol/kg (83 mg/kg) (http://toxnet.nlm.nih. gov/). In turn, the peroral toxicity of MNQX in rats may be similar to that of p-nitrobenzoic acid (LD 50 = 11.8 mmol/kg (1960 mg/kg), determined under similar conditions. (5), n = 3, P < 0.001 for 2-4 against 1, P < 0.01 for 5 against 1.c
